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Summary 
A number of basic calcium phosphate crystals have been demonstrated in human articular tissues. The exact 
relationship between crystal deposition and disease remains obscure, although there is evidence supporting a rapid 
degenerative arthropathy within a specific set of patients. Limited reports of 'cuboid' calcium phosphate microcrystals 
in articular cartilage have been made over the last 10 years. In this study the occurrence ofsuch crystals, not apparent 
by light microscopy, in human articular cartilage has been confirmed by transmission electron microscopy and X-ray 
microanalysis of tissue prepared by aqueous and anhydrous processing techniques. A crystal isolation technique 
involving collagenase digestion, centrifugation and sodium hypochlorite treatment was developed enabling crystal 
characterization by electron and X-ray diffraction. Crystals were identified as magnesium whitlockite; the first report 
of this mineral in articular cartilage. The presence of this mineral phase in normal and osteoarthritic articular 
cartilage is discussed with consideration given to physical conditions known to favor whitlockite formation and those 
extant in articular cartilage. 
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Introduction 
SINCE the early reports l inking hydroxyapatite 
(HAP) crystal deposition to arthrit ic disease [1, 2], 
improved analytical techniques have demonstrated 
the presence of a number of basic calcium 
phosphate (BCP) crystals in human art icular 
tissue [3, 4]. The exact relationship between crystal 
deposition and disease in many cases remains 
obscure, although there is evidence supporting a
rapid degenerative arthropathy within a specific 
set of patients [5,' 6]. 
Amongst reports of BCP crystal deposition were 
limited reports of 'cuboid' calcium phosphate mi- 
crocrystals in osteoa.rthritic and elderly art icular 
carti lage [7-10]. Initial reports were limited to 
brief characterization f the crystals. Using X-ray 
microanalysis (XRMA) an apatite-like Ca/P ratio 
was attributed to them [7, 11], however, it was 
suggested that the  crystals appeared, from their 
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shape and the detection of traces of magnesium [8], 
more like magnesium whitlockite, an anhydrous 
calcium phosphate containing magnesium. Rees 
and colleagues [12], using a microincinerat ion 
technique, reported the crystals to vary in size 
between 50 and 650nm in any one dimension. 
XRMA results suggested that larger crystals 
(>250nm) had a lower Ca/P ratio than their 
smaller counterparts, which was still close to that 
expected for hydroxyapatite. Rees and colleagues 
[12] suggested that two d_istinct populations of 
crystals formed under different conditions and 
speculated that, under certain conditions, some of 
the crystals may have a rote in the deposition of 
calcium pyrophosphate dihydrate. More recent 
work has been unable to reproduce such variation, 
concluding that no difference with respect o crys- 
tal size, shape, or clinical state of carti lage was 
apparent [13, 14]. 
Such crystal deposition was initially considered 
to be restricted to  osteoarthrit ic or elderly normal 
art icular carti lage [9, 10]. A recent study has 
reported the presence of such crystals in normal 
human art icular carti lage across a broad age range 
[15]. The role of such crystals in art icular carti lage 
remains undetermined and evidence to determine 
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their mode of formation is limited. As a starting 
point for this, it was considered essential to estab- 
lish that such crystals are present in the tissue 
in vivo and determine their mineral phase. Reports 
of 'cuboid' crystal deposition to date all relate to 
tissue that has been processed for transmission 
electron microscopy (TEM) using aqueous 
solvents. These are known to cause translocation 
of diffusable ions such as calcium and phosphorus 
[16], dissolution and reprecipitation of mineral 
salts [17] and mineral phase transformations [18]. 
During cryopreparation of cartilage, an amor- 
phous calcium phosphate type mineral has been 
reported to appear randomly in connective tissue 
matrix [19], which was not observed when cryo- 
preservation was carried out in ethylene glycol 
[20]. The aims of this paper are firstly to establish 
the authenticity of the crystals using anhydrous 
preparative techniques for TEM known to mini- 
mize artifactual crystal formation [17] and 
secondly to determine the mineral phase of such 
crystals using electron and X-ray diffraction 
techniques. An isolation technique has been devel- 
oped which provides ufficient sample for analysis. 
In developing a crystal isolation protocol it was 
important that the organic phase was removed 
under conditions that least affected the mineral 
phase. Isolation involving harsh treatments uch 
as ethylenediamine extraction [21] and autoclav- 
ing [22] is prone to unreliable results, with apatitic 
recrystallization and amorphous to crystalline 
phase transformations. Crystallites of bone min- 
eral have been successfully isolated by Termine 
and colleagues [23] and more recently by Weiner 
and Price [24]. The initial stage of these protocols 
required milling of specimens in lyphophylized, 
frozen form or grinding with a pestle and mortar. 
Considering the differences in tissue character- 
istics between bone and articular cartilage and the 
relative abundances of the respective crystals, 
such treatments were considered inappropriate. A 
more appropriate starting point for crystal iso- 
lation was considered to be the protocol used by 
Ali and colleagues [25] for the isolation of matrix 
vesicles from epiphyseal cartilage. This involved 
collagenase digestion of cartilage to remove the 
extracellular matrix (ECM) components and 
release crystals; the digest was then centrifuged at 
successively higher speeds to spin down particles 
of increasingly smaller mass. Adaptation of this 
technique to produce crystal-rich pellets was 
attempted. It was anticipated that further treat- 
ments may be required to remove organic debris 
from crystal-rich fractions. Sodium hypochlorite 
treatment [24] was used to remove organic debris 
from crystal preparations. 
Materials and Methods 
SPECIMEN DETAILS 
Normal femoral heads, resected due to tumor 
located distant to specimen site or femoral neck 
fracture, and osteoarthritic specimens from the 
same site were collected within 20 min of resection. 
A small full-depth sample of articular cartilage was 
taken from the superior region of each femoral 
head for TEM processing and then the femoral 
head was stored at -70°C. Cartilage samples were 
also taken from other sites for comparison of 
processing techniques. 
TRANSMISS ION ELECTRON MICROSCOPY (TEM) 
PROCESSING 
Full-depth blocks of articular cartilage, plus 
subchondral bone, were taken from the superior 
region of femoral heads and weight bearing 
regions of cartilage from other sites. A number 
of specimens were subdivided for standard resin 
processing or anhydrous processing 
For standard resin processing tissue samples 
were subdivided to full-depth blocks approximately 
I mm in the remaining two dimensions. The tissue 
blocks were fixed for 2-4 h in 1.5% glutaraldehyde 
(Agar Scientific, Stansted, U.K.) in 0.085 M sodium 
cacodylate buffer (pH 7.4) (Merck, Poole, U.K.). 
Samples were washed in three changes of 0.085 M 
sodium cacodylate buffer containing 0.2 M sucrose 
(pH 7.4) (wash buffer). Samples were then 
dehydrated through a graded alcohol series 
(70%, 90%, 96°, absolute ethanol). Samples were 
transferred to propylene oxide (Agar Scientific) for 
30 rain, prior to infiltration with a 1:1 propylene 
oxide: araldite CY212 resin (Agar Scientific) 
mixture for I h, followed by infiltration in neat 
CY212 resin under vacuum (150 mbar) overnight, 
and embedding in fresh resin at 60°C for 48 h. 
CY212 resin was mixed according to the manu- 
facturer's instructions with the omission of methyl 
phthalate. 
The anhydrous processing schedule was modified 
from that described by Landis et al. [17]. Full depth 
articular cartilage blocks measuring approxi- 
mately I mm in the remaining two dimensions 
were placed in vials containing 100% ethylene 
glycol. The vials were maintained under vacuum 
in a dessicator, with continuous agitation at 4°C 
for 24 h. The cartilage blocks were brought to 
atmospheric pressure and transferred to Cello- 
solve (monomethyl ether of ethylene glycol: 
Merck) for 2 × 12 h at 4°C prior to infiltration 
with a 1:1 propylene oxide/araldite CY212 resin 
mixture for 24 h. Infiltration was completed in neat 
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CY212 resin under vacuum overnight and 
blocks were embedded in fresh resin at 60°C for 
48 h. 
Ultrathin (70-100 nm) sections were cut with 
Diatome diamond knives (Leica, Milton Keynes, 
U.K.) and floated onto 0.085 M sodium cacodylate 
buffer prior to collection onto G200 HS copper 
grids (TAAB Laboratories, Aldermaston, U.K.). 
Where necessary grids were precoated with 0.45% 
piolform (Agar Scientific) in chloroform (Merck). 
Specimens were observed unstained. All ultrathin 
sections were examined and photographed using a 
Philips CM 12 transmission electron microscope 
operating at 80 kV. 
SCANNING ELECTRON MICROSCOPY (SEM) 
PROCESSING 
Crystals isolated from femoral head articular 
cartilage were mounted on aiuminium or polished 
carbon stubs with double-sided adhesive tape 
(Agar Scientific), coated with a 20 nm layer of 
gold in a polaron E5100 sputter coater fitted with 
a Polaron E5500 film thickness detector and 
examined and photographed in either a JEOL 35C 
or a Philips XL 20 scanning electron microscope 
at 20 kV. Samples of synthetic magnesium whit- 
lockite (Dr P. Shellis, Bristol, U.K.) were prepared 
as described above. 
CRYSTAL ISOLATION 
Femoral heads were brought to ambient tem- 
perature and the superficial and intermediate zone 
articular cartilage pared away carefully, under 
aseptic conditions,-to avoid inclusion of calcified 
zone articular cartilage or  subchondral bone. The 
condition of the cartilage sampled included type 1 
(normal cartilage, pearly white, histologically 
normal, smooth even surface layer), type II (from 
subcapital femoral fractures, off-white or cream 
coloured, histologically normal, smooth even 
surface), type III (from non-pressure bearing areas 
of normal femoral heads, pale yellow, showing 
uneven surface with clefts when examined histo- 
logically) and IV (dissected from femoral heads 
obtained due to total hip replacement for osteo- 
arthritis; sampling limited to the area surrounding 
the eburnated zenith. Tissue was pale yellow and 
showed vertical cleft formation and chondrocyte 
clusters histologically) [26], although types I and H 
were favored when available. Excised cartilage 
was weighed and minced with a scalpel in 5 ml 
per 0.5 g tissue of 50 mM N-tris-(hydroxymethyl)- 
2-aminoethane sulfonic acid (TES) buffer, pH 7.4 
(Merck), containing 0.25M sucrose (Merck) and 
1000 g/ml Sigma type I Clostridium collagenase 
(Sigma, Poole, U.K). Genetamycin (10 ttl of 80 rag/ 
2 ml; Roussel, Uxbridge, U.K) was added to the 
digest which was then incubated at 37°C on a roller 
mixer for 24 h. On removal from the incubation, 
digests were left to stand for 5 min to allow large 
particulate debris to settle. The supernatant was 
removed and pellet fractions were collected from a 
sequential centrifugation regime, using polyallomer 
centrifuge tubes in a Beckman L4 ultracentrifuge 
fitted with a type 65 rotor. 
Pellet fractions and the final supernatent 
fraction were processed for TEM using the 
standard processing technique outlined above. One 
hundred-nanometer sections cut as described 
above were mounted on GS 200 copper grids with 
the base of the pellet orientated parallel to one of 
the grid bar axes and the number of crystals per 
grid square (13 225 #m 2) was counted in a transect 
from the base of the pellet to the surface. To 
further concentrate crystals within the crystal- 
rich pellet fractions, and remove organic debris, 
pellets were resuspended in 0.085 M sodium caco- 
dylate buffer (pH 7.4) and centrifuged at 35 000 g 
for 15 min. The resulting pellets were ultrasonicated 
in 2.6% sodium hypochlorite solution (Merck) 
for 15 min and centrifuged at 35 000g for 15 min. 
The supernatant was removed and the remaining 
pellets were washed in 0.085 M sodium cacodylate 
buffer followed by absolute ethanol, with centri- 
fugation. 
X-RAY MICROANALYSIS 
Unstained 100nm sections of cartilage and 
pellets were examined using a Philips CM 12 TEM 
with an EDAX PV9800 XRMA system. Isolated 
precipitates were either incorporated into blocks 
of molten agar, processed for TEM and sectioned 
at 100nm thickness or scattered directly onto 
piolform-coated grids for observation and analysis. 
Spectra were recorded at 100kV for 200 live 
seconds with a tilt angle of 20 °, giving a total 'take 
off' a~gle of 40 °. The electron probe size was 
selected to encompass individual crystals and was 
never greater than 200nm diameter. A 70nm 
'top hat' condenser aperture was used to minimize 
the background effect of X-rays generated higher 
in the column reaching the specimen area. 
Calcium/phosphorus ratios were calculated using 
the quantitative analysis of thin sections oftware 
package (EDAX 9800) based on the ratio model. 
A synthetic HAP sample was used as the calcium 
phosphate standard for these analyses [27]. The 
unpaired Student's t-test was used to compare 
crystal groups. 
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SELECTED AREA ELECTRON DIFFRACTION 
One hundred-nanometer s ctions of crystal-rich 
pellets, processed for TEM and cut as described 
above, were mounted on piolform-coated copper 
grids and examined using a Philips CM12 TEM 
operating at 100 kV. Areas with densely packed 
crystals were selected and diffraction patterns 
were obtained with a camera length of 2.05m 
with a spot size of 2 #m and an 80 um selected 
area aperture. The TEM was calibrated in the 
diffraction mode using a thallous chloride 
standard (Agar Scientific), before d-spacings of 
experimental patterns were measured and mean 
values taken for comparison with the Joint 
Committee on Powder Diffraction Standards 
(JCPDS, Pennsylvania, U.S.A.) standard diffrac- 
tion files. 
X-RAY POWDER DIFFRACTION 
Samples of crystals isolated from articular 
cartilage removed from a number of femoral heads 
were pooled to provide sufficient sample for analy- 
.4k  
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FIG. 1. Superficial zone femoral head articular cartilage (55 years), processed using both the anhydrous and standard 
TEM techniques and observed unstained. Crystals are distributed both as a band below the articular surface (A) and 
pericellularly in both anhydrously processed tissue (a) and adjacent tissue samples processed by the standard technique 
(b). At higher magnification, similar crystal morphology, size range arl~ pericellular distribution are apparent in tissues 
treated by both anhydrous (c) and standard (d) techniques. However, cellular preservation (C) is markedly improved 
using the standard technique. 
sis. Data were col lected on a Siemens D500 powder 
di f f ractometer employing a 0/20 Bragg-Brentano 
(reflection) geometry  with scint i l lat ion counter  
detector.  The source rad iat ion was copper K~ at 
40 kV, 30mA and inelast ic scatter  was reduced 
using a post sample graphite monochromator .  The 
system was control led by a Microvax 3100 mini 
computer.  Due to their  small size, samples were 
mounted on a flat, single crystal  of si l icon to 
reduce background noise and rotated in the X-ray 
beam to reduce preferred or ientat ion effects and 
improve count ing statistics. The samples were 
scanned from 5 ° to 50 ° 20, stepping at 0.05 ° and 
count ing for approximately  50 s per point us ing 
fixed 0.3 ° d ivergent  and ant iscatter  slits with a 
0.05 ° detector  slit. The resu l tant  dif fraction spectra 
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were compared with JCPDS standard diffraction 
files for mineral phase identification and the index 
refined using the Siemens Diffrac 5000 Lattice 
Parameter Refinement software system to derive 
lattice constants and unit cell volumes for the 
samples. 
Results 
Crystals were observed in articular cartilage 
samples processed for TEM by all techniques. 
Articular carti lage samples from normal and os- 
teoarthritic femoral head, femoral condyle and 
tibial plateau sites were prepared anhydrously. 
Ultrastructural detail in such samples was less 
well preserved than with standard resin 
processing (Fig. 1). Crystals in cartilage pro- 
cessed anhydrously (Fig. 1) exhibited the same 
characteristic morphology, a similar size 
range and density of crystal deposition to adja- 
cent tissue from the same specimen processed for 
TEM by the standard method (Fig. 1), 
although there was much variation between 
specimens. The distribution of crystals with 
respect to depth within the tissue and proximity 
to chondrocytes was also similar for cartilage 
blocks processed by these two methods. Of the 
two articular cartilage samples probed for XRMA 
which had been divided and processed by normal 
and anhydrous techniques, no significant 
difference in the mean calcium to phosphorus 
ratio of crystals from the two groups was ob- 
served (Fig. 2). 
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FIG. 2. Comparison of the calcium to phosphorus ratios, 
determined by XRMA, of crystals in articular cartilage 
samples processed by the standard method for resin 
embedding and that using anhydrous olvents, t values 
were derived using an unpaired Student's t-test. Speci- 
mens: [~: FC 12 years, t =-1.52; []: FH 72 years, 
t = 0.62. t values are not significantly different at the 
P < 0.05 level. N = 10. Bars show S.D. 
I SOLAT ION TECHNIQUE 
To establish a standard isolation protocol, it 
was decided to take one pellet at 4750g after 
discarding a 200g pellet followed by a 19 500g 
pellet, with the associated supernatent being 
discarded. This protocol is shown schematically 
in Fig. 3 and the typical distribution of crystals 
within the series of pellets from this regime is 
shown in Fig. 4. This protocol produced one 
crystal-rich pellet in which crystals formed a 
dense plug at the base of the pellet, with the bulk 
of the crystals being weighted at the pellet's 
centre (Fig. 5). The majorit:¢ of crystals in this 
pellet ranged in size from 50-500 nm in any one 
dimension with the largest crystal measured at 
610 nm. The second pellet contained crystals with 
a reduced size range of 50-200 nm, this being 
reduced to 39-50nm at the top of the pellet. 
Although the crystal plug of the 4750 g pellet was 
still associated with a large component of organic 
debris, it proved to be adequate for selected area 
electron diffraction studies. Initial attempts to 
generate X-ray diffraction patterns from such 
pellets were, however, unsuccessful. The organic 
component generated a very high 'noisy' 
background with a broad hump in the spectrum 
between 5 ° and 20 ° 20, obscuring any signal from 
the mineral phase. It was decided to treat the 
4750g pellet and the second pellet collected at 
19500g with sodium hypochlorite to maximize 
crystal yield. The resultant pellet appeared as a 
fine white powder on the wall of the centrifuge 
tube. By TEM and SEM this appeared to consist 
primarily of clumps of crystals with a shape 
and size range consistent with those observed in 
cartilage sections [Fig. 6(a),(b)]. The crystal 
clumps tended to be associated with residual 
organic debris. 
The crystals isolated from articular cartilage 
and observed by SEM exhibited morphologies 
approximating cuboidal or oval. The size range and 
shape of many of  these crystals exhibited strong 
similarities with those of synthetic magnesium 
whitlockite observed under the same conditions 
(Fig. 6). 
No change in crystal morphology was identified 
between crystals in articular cartilage ECM 
(Fig. 1) and either those in the crystal-rich pellets 
(Fig. 5) or those having been completely isolated 
[Fig. 6(a)]. Similarly there was no significant 
difference in the calcium to phosphorus ratios of 
crystals in cartilage and those in crystal-rich pel- 
lets or crystals in cartilage and isolated crystals 
(Table I). 
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Cartilage + collagenase/TES buffer (5ml/O.5g. tissue) 
incubated at 37oC for 24 hours with constant agitation. 
I, 
Allow to settle for 5 minutes 
Discard sediment • Centrifuge supernatant 
200 x g for 10 minutes 
Discard pellet 
I 
Resuspend pellets in 0.085M sodium 
cacodylate buffer and centrifuge 
at 35,000 x g for 30 minutes 
I 
Collect isolated crystal pellets and I 
process for TEM using standard techniques I 
in the absence of OsO 4 I 
Centrifuge supernatant 
4,750 x g for 20 minutes 
Centrifuge supernatant 
19,500 x g for 20 minutes 
I Discard supernatant 
: Ultrasonicate pellet in a 2.6% sodium 
hypochlorite solution, centrifuge at 
35,000 x g for 15 minutes 
Wash pellet in 0.085M sodium cacodylate buffer, 
centrifuge at 35,000 x g for 15 minutes. Repeat x 2, 
then again with 99% ethanol. Air-dry, collect crystals 
for SEM, x-ray diffraction etc. 
Fro. 3. A schematic representation f the protocol adopted for the production of crystal-rich pellets and isolated crystals 
from articular cartilage, for analysis using selected area electron diffraction and X-ray diffraction respectively. 
ELECTRON DIFFRACTION 
Electron diffraction patterns generated from in- 
dividual crystals within the articular cartilage 
matrix were ordered and reproducible (Fig. 7). The 
area of densely packed crystals at the base of the 
4750 g pellet generated iffraction patterns that, 
whilst not having complete rings, contained arcs 
or rings of closely spaced spots which permitted 
measurement of d-spacings (Fig. 7). The mean 
d-spacings for crystal-rich pellets from two iso- 
lation runs are listed in Table II and compared to 
those given in the JCPDS standard file 13.404 for 
magnesium whitlockite. This file provided the clos- 
est match of any of the calcium phosphate standard 
files. It can be seen from the table that there is 
close correlation between diffraction rings with a 
relative intensity greater than 30% in the standard 
file and those of the measured patterns. The strong 
magnesium whitlockite diffraction rings (d = 5.22, 
3.16, 2.57 and 1.70) are only represented by weak 
rings in the HAP diffraction pattern, enabling 
differentiations between mineral species. Electron 
diffraction patterns were also generated from an 
area at the subchondral bone calcified cartilage 
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force per pellet 
FIG. 4. Distribution of crystals in sequential fractions under the centrifugation regime outlined in Fig. 2. Depth within 
the pellets is divided by EM grid square length (110 pm) from the base upwards. *Crystals packed closely covering 
30-100~/o of the grid square (13 225 #m2). Bars show S.D.. 
interface, to act as a control for the processing and 
diffraction technique (Fig. 7). The d-spacings were 
measured and compared with the JCPDS standard 
file 9.432 for HAP and a precise match was 
observed (Table II). 
X-RAY DIFFRACTION 
The total crystal yield from cartilage removed 
from four femoral heads was pooled for analysis by 
X-ray powder diffraction, as previous attempts 
with smaller samples had proved unsuccessful. 
This pooled sample generated a distinct diffraction 
spectrum, which was only partially affected by a 
FIG. 5. A crystal-rich plug at the base of a 4750g 
pellet produced by the protocol described. The crystal 
morphology and size range does not appear different 
to those expected for crystals in intact cartilage ECM. 
high background between 2° and 24 ° , 20, attributed 
to amorphous material. The spectrmn was 
compared with JCPDS calcium phosphate stan- 
dard files and was shown to most closely match 
that of magnesium whitlockite (Fig. 8). As a 
control, trabecular bone chips from resected 
femoral heads were subjected to the same isolation 
procedure used for crystals and the resultant ap- 
atite bone mineral analysed by XRMA and X-ray 
powder diffraction. The isolated mineral had a 
mean calcium to phosphorus ratio of 1.67 (N = 10, 
S.D. = 0.08), and the X-ray diffraction spectrum 
generated closely matched that of HAP, suggesting 
no mineral phase change (Fig. 8). 
The lattice constants and Unit cell volume for 
the magnesium whitlockite crystals isolated from 
cartilage are given in Table III. Values of 
standards and those reported in the l iterature are 
given for comparison 
Discuss ion 
The occurrence of, and lack of significant 
difference between, crystals in standard and 
anhydrously processed sections removes any doubt 
that their presence in articular cartilage may be 
a processing artifact. Detailed investigation 
suggests that the structural organization of 
mineral phases of cartilage and bone processed by 
the anhydrous method closely represents the state 
of the mineral phase in vivo [18]. An alternative 
source of artifact may be the time between removal 
of the specimen and processing. Efforts were made 
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Fro. 6. Crystals isolated from femoral head articular 
cartilage by collagenase digestion, centrifugation 
and treatment with sodium hypochlorite, imaged by 
(a) TEM, showing a clump of isolated crystals on 
a Piolform coated grid and (b) _SEM. Synthetic 
magnesium whitlockite crystals imaged by SEM are 
shown in (c), note the apparent cuboid/rhombohedral 
morphology (arrow). 
FIG. 7. Selected area electron diffraction patterns were 
generated from both single crystals (a) and the crystal- 
rich plugs from the base pellets produced by the protocol 
outlined (b). Although diffraction rings were incomplete 
it was possible to measure d-spacings to clearly defined 
arcs; the 110 ring is indicated for reference (arrow). As 
a control for the processing technique, electron diffrac- 
tion patterns were also generated from the subchondral 
bone cartilage interface (c). The 002 ring is indicated for 
reference (arrow), evidence of preferred orientation of 
crystals is also apparent. 
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Tab le  I. 
Comparisons of the calcium to phosphorus ratios of crystals in femoral head cartilage ECM 
with crystals in pellets and isolated crystals from the same femoral head. Calcium to 
phosphorus ratios were determined using XRMA and crystal samples were compared using 
Student's t-test: values are means (S.D) 
Spec imen Crys ta l s  in  car t i l age  Crysta ls  in  pe l le t  I so la ted  c rys ta l s  
IP, 46 years  1.37 (0.05) 1.40 (0.06)* - -  
DT, 87 years  1.44 (0.04) 1.47 (0.28)* - -  
SS, 84 years  1.39 (0.04) 1.42 (0.05)* 1.41 (0.04)* 
AF,  78 years  1.36 (0.04) 1.41 (0.08)* 1.41 (0.06)* 
ET, 84 years  1.40 (0.04) 1.38 (0.04)* 1.39 (0.04)* 
*No significant difference between crystals in carti lage and crystals after indicated isolation 
treatment (P = 0.05, N = 10). 
to  min imize  th i s  poss ib i l i ty ,  and  hence  ar t i fac tua l  
minera l  fo rmat ion  is  cons idered  neg l ig ib le  on  a 
number  o f  counts .  F i r s t ,  spec imens  were  obta ined  
qu ick ly  f rom theat re  and ,  in  cases  o f  amputat ion ,  
jo in ts  were  opened immediate ly  pr io r  to  car t i l age  
i 
sampl ing .  Second,  u l t ras t ructura l  p reservat ion  
was  exce l lent  in  many samples ,  as  ind icated  by  
mi tochondr ia l  in tegr i ty ,  a sens i t ive  ind icator  o f  
t i ssue  preservat ion  [28]. Th i rd ,  as  a r t i cu la r  car t i -  
l age  is  an  avascu lar  t i ssue ,  oxygen and  nut r ients  
Tab le  II. 
Comparison of d-spacings measured from electron diffraction patterns generated by two groups of isolated crystals 
with the 13.404 magnesium whitlockite standard file. The d-spacings measured from diffraction patterns generated by 
mineral at the calcified cartilage/subchondral bone interface are compared to the 9.432 HAP standard file as a 
control. Experimental values are means (N:  S.D.) 
Crysta l  i so la t ion  Crys ta l  i so la t ion  Mg wh i t lock i te  Subchondra l  bone  HAP 
spec imen A spec imen B s tandard  file spec imen s tandard  file 
d -spac ing (N:  S.D.) d -spac ing (N:  S.D.) d -spac ing In tens i ty  (%) d -spac ing  (N: S.D.) d -spac ing in tens i ty  (%) 
8.06 (2: O). - -  - -  8.01 20 - -  - -  8.17 12 
6.30 (2:0.3) 6.47 (1:0) 6.35 30 - -  - -  5.26 6 
5.21" (10:1.64) 5.21 (9: 2.4) 5.22 45 - -  - -  4.72 4 
4.09 (4: 8.03) 4.07 (5: 2.6) 4.02 30 - -  - -  4.07 10 
3.44* (7: 2.76) 3.44 (5: 2.3) 3.41 55 - -  - -  3.88 10 
3.33 (2:2.8) 3.31 (1:0) 3.3 10 - -  - -  3.51 2 
3.16" (5:1.8) 3.16 (4:1.4) 3.16 65 3.44* (4: O) 3.44 40 
2.97 (1: O) - -  - -  2.97 10 - -  - -  3.17 12 
2.83* (6:1.3) 2.86 (6:1.4) 2.84 100 - -  - -  3.08 18 
- -  - -  2.73 (2: 0.7) 2.72 25 2.82* (4: 0.9) 2.81 100 
. . . .  2.67 10 2.77* (1: 0) 2.77 60 
. . . .  2.64 5 2.72* (1: 0) 2.72 60 
2.56* (9: 3.81) 2.56 (9: 2.5) 2.57 80 - -  - -  2.63 25 
. . . .  2.53 10 - -  - -  2.52 6 
. . . .  2.49 10 - -  - -  2.30 8 
- -  - -  2.38 (2:0.7) 2.38 20 2.28 (1:0) 2 .26  20 
. . . .  2.34 10 - -  - -  2.23 2 
. . . .  2.23 20 - -  - -  2.15 10 
- -  - -  2 .19  (1 :  0 )  2.17 20 - -  • - -  2 .13  4 
2.15 (3 : 1.52) - -  - -  2.14 30 - -  - -  2.07 8 
- -  - -  2.08 (1: 0) 2.08 10 - -  - -  2.04 2 
. . . .  2.05 10 - -  - -  2.0 6 
. . . .  2.01 30 1.95 (4: 0.5) 1.94 30 
- -  - -  1 .97  (3 :  0 .6 )  1.98 10 - -  - -  1.89 16 
1.93 (4: 3.56) 1.94 (1: 0) 1.91 50 - -  - -  1.87 6 
. . . .  1.88 30 1.85 (4: 0.5) 1.84 40 
1.85 (2:1.41) 1.87 (2: 6) 1.86 30 - -  - -  1.81 20 
. . . .  1.81 10 - -  - -  1.78 12 
. . . .  1.79 20 - -  - -  1.75 16 
. . . .  1.78 i0 1.73 (4: 0.5) 1.72 12 
. . . .  1.75 20 - -  - -  1.68 4 
1.69" (1: 0) 1.70 (8: 2.7) 1.70 80 - -  - -  1.64 10 
- -  - -  - -  1.69 !5 
*Measured d-spacings (/~) of frequently observed iffraction rings which closely match those of JCPDS standard files. 
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FIG. 8. X-ray diffraction spectrum generated from 'cuboid' crystals isolated from articular cartilage. Crystals were 
isolated using collagenase digestion, centrifugation and sodium hypochlorite treatment. The diffraction pattern is 
overlaid with the JCPDS magnesium whitlockite standard file 13-404, showing a close match. Co) X-ray diffraction 
spectrum generated from bone mineral isolated from femoral head trabecular bone by the same method used in (a). 
The diffraction pattern is overlaid with the JCPDS hydroxyapatite standard file 9-432, showing a close match. 
reach chondrocytes  [29]. Hence auto lyt ic  and 
physica l  degenerat ive  changes may be deemed to 
have  a re lat ive ly  slow onset. As the s tandard 
resin process ing technique for TEM descr ibed here 
appears  to be a t rue representat ion  of crysta l  
deposit ion its use may be favored for the super ior  
degree of u l t ras t ructura l  preservat ion  achievable.  
The ident i f icat ion of the 'cuboid crysta ls '  
minera l  phase as magnes ium whi t lock i te  is on ly  
s ignif icant if the possibi l i ty of minera l  phase  
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Table III. 
Comparison of lattice constants and unit cell volumes of crystals isolated 
from human femoral head articular cartilage with those of synthetic, geological 
and biological whitlockites reported previously and the corresponding 
JCPDS standard file 
Mineral 
Lattice constants 
a (/k) c (.~1 volume (.~3) 
Magnesium whitlockite (std. file: 13.404) 10.37 
Synthetic magnesium whitlockite 10.35 
Crystals from present study 10.31 
Geological magnesium whitlockite [63] 10.33 
Whitlockite from intervertebral disc [44] 10.31 
Whitlockite from dental calculi [37] 10.35 
37.19 3464 
37.09 3440 
37.19 3426 
37.10 3428 
37.19 3424 
37.24 3455 
changes due to the crystal isolation treatments can 
be eliminated. 
It could be speculated that freezing may cause or 
increase crystal deposition. Studies of storage of 
synovial fluid samples containing calcium pyro- 
phosphate (CPPD) crystals [30] indicated that 
storage of crystals in their original mileau was 
optimized at -70°C, with no new crystal 
formation, existing crystal dissolution, or morpho- 
logical change being detected. Recent TEM 
freeze/thaw studies, using rabbit femoral condyle 
articular cartilage, did not demonstrate any min- 
eral formation in tissue that had been stored at 
-70°C [31]. In the light of these studies and the 
observation of cartilage specimens from the same 
femoral head taken before and after freezing, 
storage of specimens at -70°C was considered 
acceptable. 
Disaggregation of bone using sodium hypo- 
chlorite solution has been reported not to grossly 
alter the mineral phase, crystal size or shape of 
the isolated crystals [24]. However, structural 
and chemical changes in dentin and other calcific 
deposits after exposure to sodium hypochlorite 
have been reported [32, 33]. Mineral exposure to 
hypochlorite solutions in these studies was greatly 
extended compared to that of Weiner and col- 
leagues [24] and the present report. A very recent 
report [34] has described the development of a 
similar technique to the one used in this study, for 
extracting CPPD and HAP crystals from articular 
cartilage and synovial fluid. This also involved 
enzyme digestion, centrifugation and sodium 
hypochlorite treatment and control experiments 
exposing synthetic CPPD and HAP crystals to the 
extraction procedure were undertaken. These ex- 
periments indicated that the recovery of crystals 
was good and that, of those recovered, no alter- 
ation or addition of new material, as a result of the 
procedure, was detected, supporting the validity of 
the" technique developed in this study. 
Although it has been demonstrated that crystal 
morphology, observed by SEM, as an indicator of 
calcium phosphate mineral phases in biological 
calcifications can be misleading [35-37], the lack of 
change in either Ca/P ratio or crystal morphology 
suggests that the mineral phase of crystals is not 
altered due to any of the treatments to which they 
were subjected during crystal isolation. This 
conclusion is further supported by the control 
studies analysing bone mineral, processed using 
the same technique, by both electron and X-ray 
diffraction. On the basis of solubility studies, using 
synthetic calcium phosphate mineral phases, 
Driessens [38] reported that magnesium whitlock- 
ite is less soluble than HAP under physiological 
conditions. It would seem reasonable to accept 
therefore that the mineral phase identified using 
the two diffraction techniques is the same phase 
that may be observed in articular cartilage by 
TEM using the processing techniques described in 
this paper. 
This is the first report of magnesium whitlockite 
in articular cartilage and would account for the 
'cuboid' or more precisely rhombohedral, mor- 
phology [39] of crystals described in this study and 
elsewhere [7-11]. The crystals are similar to those 
described for this mineral in synthetic [40], geologi- 
cal [39] and biological samples [41], a more common 
observation than the variants described by Santos 
and Gonzalez-Diaz in human urinary calculi [35] 
and Sakae and colleagues in dental calculi [37]. 
Magnesium whitlockite deposition has been re- 
ported in a number of biological calcifications both 
as calculi and in tissues. The most common of these 
are orally associated sites, including dental cal- 
culi, particularly sub-gingival [36, 37], arrested 
carious dentine [41], and sialoliths associated with 
submandibular and parotid salivary glands [42]. 
Whitlockite has also been reported in urinary 
calculi [35]. Whitlockite deposition sites within 
tissues include aortic valvular tophi [43] and carti- 
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lage from the nasal septum, trachea, epiglottis and 
intervertebral disc [44]. McCarty and colleagues 
[45] have also identified whitlockite amongst crys- 
tal populations of synovial fluid from the shoulder 
joint of a patient exhibiting symptoms consistent 
with 'Milwaukee Shoulder syndrome'. 
Confusion exists over the use of the term 
'whitlockite'. Magnesium whitlockite is used here 
to describe the calcium phosphate mineral phase 
in which Mg 2÷ , H20 and HPO 2- play a structural 
role, rather than the magnesium substituted 
Ca~(PO4)2 which is considered to be fl-tricalcium 
magnesium phosphate [44]. In biological 
depositions, magnesium whitlockite exists in a 
solid solution series, with magnesium substituting 
for calcium in varying amounts [46]. The smaller 
size of the magnesium ion relative to the calcium 
ion has been used to explain the observed change 
in lattice constants with increasing substitution of 
magnesium for calcium [44]. The relationship has 
been used to estimate the percentage of magnesium 
present in biological whitlockites [44]. Marked 
differences have been reported between the lattice 
constants of whitlockites formed in calculi and 
those from cartilages [44]. The lattice constants 
calculated for the whitlockite crystals in articular 
cartilage correspond with those of tracheal and 
intervertebral disc cartilage. This would corre- 
spond to more than three atoms of magnesium per 
unit cell [44]. 
Studies designed to simulate the in vivo physico- 
chemical micro-environment of bone and other 
calcification sites in order to determine the effects 
of magnesium on the formation and transform- 
ations of various calcium phosphates known to 
occur in biological systems have enabled Cheng 
and co-workers [47, 48] to identify conditions in 
which magnesium whitlockite is the energetically 
favored mineral phase. Initial studies showed that 
the presence of magnesium in, and the Ca/P ratios 
of, the solutions were important in determining 
whether whitlockite would precipitate or not. In 
vivo observation of whitlockite deposition appears 
to support the in vitro studies. The more frequent 
observation of whitlockite crystals in arrested en- 
tine caries than in enamel caries [49] has been 
suggested to be due to the higher magnesium 
content of dentine [50]. Kani and colleagues [51], 
from X-ray diffraction analyses of whitlockite and 
other phases in dental calculi, propose a mechan- 
ism for whitlockite formation in subgingival cal- 
culi in conditions of 'low pH and high Ca]P ratio', 
whereby brushite is formed first and, in the pres- 
ence of magnesium, is transformed to whitlockite. 
The in vitro studies above were carried out at 
fixed pH; in vivo studies have suggested optimal pH 
conditions for whitlockite formation. LeGeros and 
colleagues [36] suggest hat the difference in oral 
pH between dogs (pH 8.5) and humans (pH 7) is 
responsible for the differences in mineral phases of 
dental calculi observed between the two species 
with, in the presence of a magnesium calcium ratio 
above about 0.1 (Mg/Ca), whitlockite being one of 
the favored phases at the lower pH whilst not 
occurring at the higher. Driessens and colleagues 
[52] correlated mineral phase deposition in calculi 
from a number of species with salivary pH, produc- 
ing similar results. 
The internal pH of articular cartilage is depen- 
dent on the negative fixed charge density of the 
tissue, a characteristic imparted to the tissue by 
the proteoglycan constituent of the ECM. It has 
been suggested that the pH of mid-zone articular 
cartilage would be 0.3 units lower than the exter- 
nal solution; variation in pH throughout the 
matrix would be proportional to the proteoglycan 
concentration [53]. Regions of high proteoglycan 
concentration such as around cell lacunae [54] 
would be expected to have the lowest pH values. 
However, these estimates have been disputed, sug- 
gestions being made that the pH would be more 
basic due to the partial dissociation of sodium 
sulfate salts. Such suggestions are supported by 
the work of Howell and colleagues [55]. 
The concentrations of a number of ions in 
articular cartilage have been measured by a 
variety of techniques. Most recently Pritzker 
and colleagues [56], using a technique of induc- 
tively coupled plasma emission spectroscopy, 
determined wet weight values of [Ca] = 52.6 mM/kg, 
[Mg] = 6.9 n~/kg  and [Pi] = 23.1 mM/kg for normal 
human articular cartilage. The concentration of 
extractable calcium in articular cartilage has been 
shown to be similar to that of serum ionic calcium 
(1.2mM/kg) [55, 57], indicating that the bulk of 
calcium in the tissue is firmly bound. Much of the  
difference between extractable and total concen- 
trations of [Ca] and [Mg] is likely to be attr ibutable 
to the strong negative fixed charge density of 
proteoglycans. An increase in [Pi] recorded by 
Pritzker and colleagues [56] was shown to 
correlate strongly with calcium, suggesting [Ca] is 
not only bound to the organic matrix, but also has 
a binding relationship with extracellular [Pi]. On 
the basis of the values determined for extractable 
[Ca] and [Pi] [55], both whitlockite and apatite 
mineral phases would  be in equilibrium [38]. 
Although the work of Cheng and colleagues [48] 
suggests that neither whitlockite nor apatite 
would form de novo, Cheng and colleagues [48] 
suggest hat a slight elevation of pH from neutral, 
at which their studies were conducted, to 7.4-7.6, 
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consistent with that of bone and epiphyseal carti- 
lage [55], would enhance the propensity for HAP 
formation. Conversely, a slight reduction in pH 
would favor whitlockite formation, as the crys- 
tall inity of whitlockite and its propensity to form 
has been shown to be greater when obtained at low 
pH (pH 5) [40]. 
The above conditions are considered in the ab- 
sence of the promotional and inhibitory factors 
associated with biological calcification. Tovberg 
Jensen and Rowles [58] suggested some 'further 
factor' must determine the appearance of whit- 
lockite in pathological calcifications. The possi- 
bility of nucleation of magnesium whitlockite 
formation by organic components has been 
suggested. Collagen fibrils have been repeatedly 
observed in association with whitlockite depo- 
sition in urinary calculi [35], and dental calculi 
[41], although these authors considered crystal 
formation to be independent ofcollagen fibril pres- 
ence. Pritzker and Luk [59] suggested that gly- 
cosaminoglycans may be responsible for the 
electron lucent core of crystals from a pulmonary 
nodule, functioning as a nidus for crystal precipi- 
tation; this seems unlikely considering the inhib- 
itory effects on mineral formation determined for 
proteoglycans [60, 61]. Whitlockite-containing 
sialoliths from human submandibular nd parotid 
salivary glands have been shown to contain cal- 
cium-acidic phospholipid-phosphate complexes 
predominantly of phosphatidylserine and phos- 
phatidylinositol [62]. This membrane debris was 
suggested to nucleate calcium phosphate mineral 
formation, 
Identification of the 'cuboid' crystal mineral 
phase allowed comparison of the physical 
conditions required for their deposition with those 
expected within cartilage. The available data 
suggested that likely prevailing conditions within 
cartilage would not support de novo whitlockite 
formation. It would appear, therefore, that 
additional factors must be extant at sites of crystal 
deposition. The potential for the involvement of 
intramatrical lipids and phospholipids in 
magnesium whitlockite crystal formation is 
currently being investigated. 
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